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Abstract 27 
The microstructure of foods and their response to both deformation and hydration is anticipated 28 
to be a key driver in texture and taste perception during comminution and oral processing.  Here 29 
we characterise the microstructure of potato chips (crisps) using a broad range of microscopy 30 
techniques and labelling methods to capture potato cell structure and fat distribution at different 31 
length scales, as well as assess the influence of hydration. Our methods are shown to distinguish 32 
commercial samples of traditional fried chips (i.e. formed from sliced potatoes) and those 33 
formed via fabrication. Whilst both potato chips are a packed array of potato cells and thus 34 
microstructurally similar, upon hydration the potato cells in the fabricated samples separate 35 
and disperse in suspension while the tissue structure of the traditional chips remains essentially 36 
intact. We find that a significant proportion of the fat in fried chips is associated as thin film 37 
with the potato cell walls both at the surface and within the structure, while it is present as 38 
droplets at the fabricated chip surface.  Upon excess hydration, the oil in both types of PCs 39 
coalesce into larger droplets. Frying of isolated cells and tissues damages cell walls and allows 40 
movement of oil into the potato cells, which may also occur for fried potato chips. The study 41 
highlights that despite the similarity in the microstructure of intact chips, subtle differences 42 
arising from processing/formulation lead to large differences in the response of the structure to 43 
hydration that needs to be considered in food structure design.   44 
 45 
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 1 Introduction 53 
Snack foods represent an important component of diets and deserve considerable attention in 54 
terms of optimising both their nutritional profile and consumer acceptability.  The most popular 55 
snack food, globally, is the potato chip or crisp (PC), which are traditionally prepared by deep 56 
frying raw or blanched potato slices in vegetable oils.  Alternatively, fabricated potato chips 57 
(FPC) are prepared from precooked and dried potato in form of flakes or powder, combined 58 
with  pre-gelled and raw starches  (so-called co-texturisers) and water to form a dough that is 59 
cut into discs and subsequently baked or fried. Whilst there is a trade-off in ‘naturalness’ from 60 
FPCs, they have the potential for providing alternative consumer experiences and additional 61 
nutritional benefits due to the ability to incorporate functional health-benefiting ingredients 62 
whilst using alternative cooking procedures such as baking that require less oil than frying.  In 63 
addition, they are attractive to manufacturers for potential supply chain benefits by using 64 
supplied ingredients rather than having to handle, store, wash, peel and slice potatoes.  65 
However, it is challenging to replicate the traditional PC using FPCs, and in particular low-fat 66 
baked FPC. Our novel aim here is to uncover the microstructural differences between the 67 
traditional fried PC and baked FPC, which serves as a basis for rational design of fabricated 68 
potato chips or other chip-like products.  69 
Frying of PCs in oil is usually carried out at a temperature ranging from 170-190⁰C. This 70 
involves the counter flow of water in and oil out of the PC, leading to the physicochemical 71 
alteration of potato tissue and its internal components. The complexity of heat and mass transfer 72 
phenomena during deep frying has been discussed elsewhere (Baumann & Escher, 1995; 73 
Farkas, Singh, & Rumsey, 1996; Ni & Datta, 1999; Sahin, Sastry, & Bayindirli, 1999; Ufheil 74 
& Escher, 1996). Similarly, various microscopic and staining techniques are used to investigate 75 
the microstructure of PC in relation to cell wall structure as well as the location of oil. Notably, 76 
Reeve & Neel (1960) use histological techniques and Bouchon & Aguilera (2001) use hot stage 77 
microscopy to demonstrate that the intact potato cells in tissues retain their structure during 78 
frying but are shrunken.  Starch that is within the cells are gelatinised at high temperatures but 79 
subsequently become dehydrated due to the loss of water from the cells. Cellular structure of 80 
potato tissues during frying has also been monitored by frying the tissue previously immersed 81 
in Congo red solution, a fluorochrome that binds non-covalently with cellulosic materials 82 
(Pedreschi & Aguilera, 2002). Oils in fried PC were observed using various techniques such 83 
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as staining with osmium tetroxide (Reeve & Neel, 1960) and Nile blue (Pedro Bouchon & 84 
Aguilera, 2001), and frying of potato tissues in oil containing the heat stable dye Nile red 85 
(Pedreschi & Aguilera, 2002; Pedreschi, Cocio, Moyano, & Troncoso, 2008). These studies 86 
concluded that the oils are distributed on cell walls and in intracellular spaces, along with 87 
blistered areas that are separated from tissue during the frying process.  88 
Characterising the cellular structure and oil distribution in PCs using histological and 89 
microscopic techniques may result in artefacts due to smearing of the oils as well as breakage 90 
of cells during sample preparation, along with hydration and swelling of granules in aqueous 91 
conditions (Dobraszczyk, Ainsworth, Ibanoglu, & Bouchon, 2006). More specifically, artefacts 92 
may arise from solvent penetrating together with the staining dye to the area where target 93 
compounds such as oil may not be present (Pedro Bouchon & Aguilera, 2001; Keller, Escher, 94 
& Solms, 1986). Although, Infrared Micro-spectroscopy (Bouchon et al., 2001) and Magnetic 95 
Resonance Imaging (MRI) (Farkas, Singh, & McCarthy, 1992) have been used as non-invasive 96 
methods to locate the oil in fried products. Confocal laser scanning microscopy (CLSM) 97 
provides further opportunity for optical sectioning of the sample to directly visualise the oil 98 
and cell wall structure throughout the product.  More specifically, CLSM may enable 99 
visualisation of tissues fried in oil containing the heat stable dyes that bind with oil or cellulosic 100 
components (Achir, Vitrac, & Trystram, 2010; Pedreschi & Aguilera, 2002; Pedreschi et al., 101 
2008).  102 
In addition to non-hydrated and non-invasive techniques that are useful for analysing the 103 
microstructure and oil location within a PC, techniques to visualise the development of 104 
microstructure during a controlled hydration process is relevant to the changing state of PC 105 
during oral processing (Boehm, Baier, & Stokes, 2013; Boehm et al., 2014) 106 
The kinetics of bolus formation, bolus rheology and hydration affect in-mouth texture 107 
perception and residence time of chewed products.  Microstructural and compositional analysis 108 
of traditional fried PC has been widely reported, but there is a dearth of information regarding 109 
the structure of baked FPC. There is also a lack of analysis on PC structure in response to 110 
hydration, which occurs during oral processing.  We address both of these short comings here 111 
using a holistic approach to study the structure of both baked and fried PCs using bright field 112 
microscopy, SEM and CLSM.  In addition, we provide an investigation into in the structure 113 
and influence of oil at various length scales – potato cell walls (<5 µm), potato cells (>150 µm) 114 
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and potato tissues (cm) – to  uncover the changes occurring to the structure of potato tissues 115 
and cells during the frying process.  116 
 117 
 118 
 119 
2  Materials and methods  120 
2.1  Potato chips 121 
An experimental baked FPC with 16% oil content was compared to a thinly cut fried PC with 122 
33.5% fat content was purchased from the local grocery shop. All chips were freezer stored (-123 
18 ⁰C) in a sealed bag until use.  124 
 125 
2.2  Isolation of potato cells, cell wall materials and separation of potato tissues 126 
Potato Cells 127 
Intact cells from potato (Sebago variety, purchased from local grocery shop) were isolated by 128 
sequential hydrolysis of potato tissues in mild acid and alkali (Aguilera, Cadoche, López, & 129 
Gutierrez, 2001; Kugimiya, 1990).  Approximately 5 g of potato cubes (5 mm) were immersed 130 
in 40 mL of 0.1M hydrochloric acid in 50 mL falcon tubes. The tubes were shaken at 100 rpm 131 
for 6 hours on a rocking shaker (MS-NRK, Major Science, and Taiwan) and were rinsed with 132 
filtered de-ionized water (18 MΩ cm, Millipore, Sydney, Australia) before incubating with 40 133 
mL of 0.05M sodium hydroxide overnight. The resulting detached potato cells were washed 134 
several times on a stack of 250 and 150 µm sieves under running tap water. The intact cells 135 
(confirmed using light microscopy) that were retained on 150 µm sieve were collected and 136 
stored in 0.02% sodium azide solution at 4°C. The cells were centrifuged at 2000 g for 3 137 
minutes and the residue hydrated cells were used for frying experiment. For observation of loss 138 
of birefringence, the stored cells were centrifuged at 2000 g for 3 min and the hydrated mass 139 
is placed in the water and oil bath at a temperature of 60 and 70⁰C. After 5 min, the cells were 140 
strained with a NovacookTM stainless steel fine mesh oil strainer for microscopic observation 141 
Potato Tissues 142 
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Potato tissues were obtained by extracting ca. 1 cm diameter cylinders from the 143 
parenchymatous region of washed and peeled potatoes. The cylinders were thinly sliced with 144 
a scalpel blade to a thickness of approximately 1 mm.  The thin slices were immersed in filtered 145 
de-ionized water to remove the loose particles (starch and cell fragments) and blotted with 146 
Whatman® 4 filter paper before frying experiments.  147 
Potato Cell Walls 148 
Potato cell wall materials were isolated from crushed raw potatoes using a physical sieving 149 
process, as reported previously (Gómez-Mascaraque, Dhital,  Lopez-Rubio, & Gidley 2017)  150 
Approximately 50 g of potato flesh from peeled potato was blended in a kitchen blender with 151 
300 ml of filtered de-ionized water for 15 min at high speed. The resulting homogenous mass 152 
was sieved through a stack of 250 and 150 µm sieves under running water for 5 min.  The upper 153 
sieve (250 µm) retained the larger tissue fragments whereas starch and smaller tissue fragments 154 
were strained through the 150 µm sieve. The retentate on the 150 µm sieve (cell wall materials) 155 
was recovered and blended with excess water for 5 min at high speed as described previously. 156 
The mash was then sieved through the sieve stacks (250 and 150 µm) under running water (5 157 
min). The process was repeated until the resulting cell wall materials, retained on 150 µm sieve, 158 
were found to be free from starch as confirmed microscopically. The isolated cell wall materials 159 
were stored in a 0.02% sodium azide solution at 4°C.     160 
 161 
 2.3  Frying of potato cells, cell wall materials and potato tissues 162 
Potato cells, cell walls and tissues were fried in canola oil (Black and Gold, IGA, Australia) at 163 
175⁰C for 2 minutes. The frying temperature was decided based on the appearance of the fried 164 
products as well as previously mentioned reports (Pedro Bouchon Pedreschi, Aguilera, & 165 
Arbildua, 1999; Pedreschi, & Aguilera, 2002; Bouchon, B. 2006). Cells or cell wall 166 
suspensions (1 mL) preserved in 0.02% sodium azide solutions were centrifuged (2000 g for 3 167 
min) to remove the excess water. Approximately 10 mg of hydrated mass was transferred into 168 
a 25 mL screw cap culture tube (Pyrex no. 9826) containing 2 ml of frying oil  (175⁰C) and 169 
fried for 2 minutes before straining through a NovacookTM stainless steel fine mesh oil strainer. 170 
The fried cell and cell wall components were recovered with forceps and placed over 171 
Whatman® 4 filter paper to absorb the loose surface oil.  For potato tissues, 1 cm cut potato 172 
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slices were carefully transferred into the tube containing 5 mL of frying oil and fried for 2 173 
minutes. The fried tissues were carefully taken out with forceps and surface oils were removed 174 
as described previously using a filter paper.  175 
  176 
2.4  Light and scanning electron microscopic observation  177 
Light microscope, Olympus BX61 (Olympus Optical Co., Ltd, Tokyo, Japan), was used to 178 
visualise the intact and cooked cells as well as fried and baked PC under bright field and 179 
polarised mode.  180 
A potato chip was hand fractured, and a small piece (ca. 3 mm x 3 mm) was hydrated with 181 
deionised water in a microcentrifuge tube for 5 minutes. The hydrated sample was carefully 182 
recovered with a spatula and placed on the microscopic slide.  A coverslip is applied with a 183 
slight pressure to create a uniform surface prior to observation. The intact and cooked potato 184 
cells are, however, observed directly without further hydration.  185 
 Scanning electron microscope (XL30, Philips, Eindhoven, Netherlands) under an accelerating 186 
voltage of 5 kV was used to monitor the morphological structure of commercial baked FPC 187 
and fried PC before and after defatting. For defatting, fragments of PCs were incubated with 188 
hexane overnight under shaking conditions (100 rpm). The lipid dissolved solvent was 189 
changed, replaced with fresh solvent and further incubated for 6 hours. The recovered PC 190 
fragments were dried under vacuum at 40oC to evaporate the solvent. The commercial PC 191 
samples were crushed by hand and were thinly spread onto circular metal stubs covered with 192 
double-sided carbon tape and coated with approximately 7 nm of platinum in an argon gas 193 
environment before observation.  194 
 195 
2.5 Labelling and CLSM analysis   196 
Four different fluorochromes, fluorescein isothiocyanate Isomer I (FITC, F7250 Sigma), Nile 197 
Red (N3013 Sigma), Calcofluor white (18909 Sigma) and Congo Red (C6277 Sigma), were 198 
used for observation of potato cells, cell walls, tissues and chips through a LSM700 (Carl Zeiss, 199 
Germany) confocal microscope using excitation lines 405nm, 488nm and 555nm. Excitation 200 
at 405 nm was used for CW, whereas 488 nm was used for FITC and Congo red, and 555 nm 201 
was used for Nile red. The emission spectrum was automatically adjusted by Zen 2011 software 202 
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coupled with the microscope.  For clear visualization at various depths of samples, Z-stacking 203 
was performed and 3D images recorded. The 3D images were obtained using the “mixed mode” 204 
of Zen 2011 software, which consists of a combination of transparency rendering and surface 205 
reconstruction mode.    206 
For observation of starch in the cells of both PCs, small sections (~ 3 mm × 3mm) of PC were 207 
inundated with FITC (10 mg/mL in ethanol) for 24 hour. The samples were then washed several 208 
times with an excess of water to remove the unbound FITC. The efficiency of washing was 209 
confirmed by periodically visualising the washed sample under the confocal microscope. FITC 210 
has an affinity to non-covalently bind with glucans such as amylose and amylopectin present 211 
as either as semicrystalline (raw starch granules) or leached amorphous forms (cooked 212 
starches). The PCs can have substantial proportions of leached glucans outside the cells. Thus, 213 
the removal of leached glucans by successive washing was performed to increase the clarity of 214 
entrapped starch glucans inside the cells by minimising the fluorescence background. If the 215 
fluorescence background still persisted after successive washing, the chips were manually 216 
disintegrated with a glass rod and washed several times before observation under the 217 
microscope.   218 
Simultaneous observation of starch glucans and cell wall components in the PCs was achieved 219 
through the double staining of chips with FITC and Calcofluor white. Calcofluor White is a 220 
non-specific fluorochrome that binds to cellulose. A piece of FITC labelled and washed PC 221 
and FPC sample was placed on the 35 mm glass bottom dishes (D35-20-1-N , Cellvis, 222 
Mountain View, CA) and inundated with 50 ul of  Calcofluor white for 3 min. The excess dye 223 
was syphoned off using the tip of filter paper and observed through the confocal microscope at 224 
an excitation of 405 nm for cell wall and 488 nm for starch. 225 
Nile red is a lipophilic fluorochrome and is widely used to visualise the oil components in food 226 
matrices (Achir, Vitrac & Trystram, 2010; Pedreschi & Aguilera 2002). To visualise oil 227 
location in fried and baked potato chips, a small section (ca. 3 mm × 3 mm) of the PCs were 228 
inundated with the Nile red (1mg/mL in ethanol) for 1 hour. Similar to FITC staining, the 229 
unstained Nile red was also removed by washing with filtered de-ionized water several times 230 
and completion of washing was confirmed by the absence of fluorescence background at an 231 
excitation of 555 nm. The washed samples were placed on the glass bottom dish and observed 232 
at 555 nm using the procedure described for FITC in the previous section.   233 
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In another experiment, 50 µL of 1 mg/mL of Nile red in ethanol was carefully dropped on the 234 
top of ca. 3 × 3 mm fragment of both baked FPC and fried PC placed on a glass bottom dish 235 
and incubated for 3 min. After 3 min, Calcofluor white (50 µl) was dropped on the exact 236 
location where Nile red was previously added and observed for the location of oil as well as 237 
cell wall components using the dual track at 405 nm and 555 nm for CW and Nile red 238 
respectively. This is described as partially hydrated condition in the manuscript. The 239 
observation was also made after hydration for 5 min by addition 250 µl of filtered de-ionized 240 
water. The excess water was removed with a filter paper tip.  As the Nile red in ethanol, both 241 
as free and bound to oil emits fluorescence, the direct staining of samples with Nile red is 242 
always associated with artefacts generated by free (non-bound) Nile red.  To visualise the actual 243 
location and adherence of oil, potato cells, cell walls and tissues are fried in oil containing 1 244 
mg per mL Nile red as described Section 2.3. The cells, cell walls and tissues fried in Nile red 245 
were further labelled with Calcofluor white (partially hydrated) for simultaneous observation 246 
of oil and cell wall materials.  Further, to observe the effect of hydration, 250 µl of filtered de-247 
ionized water was carefully dropped on the top of samples and incubated for 5 minutes and the 248 
excess water was removed with a filter paper tip.  249 
To observe the change in cell wall components during frying, 10 mg Congo red was dissolved 250 
in 500 µL of ethanol and 100 µL was transferred to a tube containing 2 mL frying oil resulting 251 
in 1 mg Congo red per mL of frying oil. Congo red has been used for observation of cell walls 252 
in the fried potato chips (Pedreschi & Aguilera 2002). The frying of cells and tissue in the 253 
oil containing Congo red was carried out as described in Section 2.3. Observations were made 254 
under both hydrated and non-hydrated conditions at an excitation wavelength of 488 nm. 255 
Hydration was achieved by the addition of filtered de-ionized water as described above.    256 
 257 
3 Results and Discussion  258 
3.1 Structure of baked and fried potato chips 259 
Figure 1 shows the microstructures of baked FPC (A) and fried PC (B) obtained following 260 
hydration using light microscopy with a cross polariser (left, 1) and SEM (right, 2).  261 
Birefringence (bright regions) is observed at the edge of individual cells in the polarised 262 
microscopy images, which is due to the ordered structure of the cellulose within the cell wall. 263 
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The lack of birefringence within the cells suggests that the starch is completely gelatinised 264 
during baking or frying of the chips.  The cells for the FPCs (A1) seem to be less-ordered and 265 
more isolated than the fried PCs (B1).  In addition, the fried PCs (B1) seem to show a more 266 
tissue-like structure with many cells attached by adjoining cell walls, with examples shown by 267 
red arrow.  This is also supported by the non-polarised microscopy images in Supplementary 268 
Figure S1.  SEM images show that both baked FPC and fried PC appear as solid lumps without 269 
any distinct cell or cellulosic structures (Supplementary Figure S1). However, after defatting, 270 
a non-uniform porous structure was observed for baked FPC (Figure 1A2) whereas a regular 271 
interlocked cellular structure was observed for Fried PC (Figure 1B2).  272 
 273 
Figure 1 near here 274 
   275 
The FITC and Calcofluor white stained confocal microscopic images of baked FPC and fried 276 
PC are shown in Figure 2 A1 and B1 respectively. As mentioned in Section 2.5, washing and 277 
disintegration of agglomerated cells are important steps to reduce the background fluorescence 278 
from FITC binding with leached molecules; thus Figure 2 A1/B1 do not necessarily represent 279 
the exact physical condition of PCs in their native forms. However, the figures show that starch 280 
glucans (hydrated glucans are labelled green with FITC) are inside the cells, and that distinct 281 
cell wall boundaries are observed (labelled blue with Calcofluor white). The shape and size of 282 
cells match the polarised images shown in Figure 1 for baked FPC and fried PC.  283 
Figure 2 A2 and B2 show the hydrated baked FPC and fried PC respectively labelled with 284 
Calcofluor white-only. A marked difference is observed between the samples. In baked FPC 285 
(A2), the cells (cell walls labelled blue) are almost all separated whereas the cells appear 286 
connected in fried PC (B2).  We consider this to indicate that the tissue structure remains intact 287 
for the fried PC with cells joined cells by middle lamellae (marked with red arrow).  We note 288 
that staining with Calcofluor white-only appears to show that the cells of baked FPC (A2) are 289 
bigger than those of fried PC (B2). However, this is due to slight differences in the partial 290 
hydration of the sample for that labelling method, whereas the sample is more fully hydrated 291 
using FITC labelling and Figure 2 A1/B1 show the cells to be of similar size.   292 
 293 
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Figure 2 near here 294 
 295 
It should be noted that FITC labelling of PC requires a careful trade-off between the incubation 296 
time, washing time, vortex mixing speed and breakdown of lumps to wash the excess FITC. 297 
Periodic mixing during incubation helps the uniform labelling of the potato chips with FITC. 298 
The hydration of potato chips before incubation with FITC is recommended if the labelling is 299 
not uniform. Similarly, a gentle normal force on top of the coverslip using a fingertip before 300 
microscopic observation helps to separate the cells avoiding background fluorescence from 301 
overlapping cells.    302 
We suggest that Figure 1 and 2 highlight that the PC’s formed from sliced potato predominantly 303 
retain their tissue structure during frying and hydration, whereas hydration of the FPC leads to 304 
a dispersion of loose individual cells.  We consider this to highlight a lack of intercellular 305 
adhesion between cells in the baked FPC, whereas fried PC cells remain associated due to the 306 
presence of residual tissue structure. 307 
3.2 Location of oil in baked and fried potato chips 308 
Elucidating the location of oil in PCs is complicated by structural heterogeneity and a 309 
concentration gradient from the surface to the inner core.  During frying, oil adsorbs onto the 310 
surface but penetrates into the structure by temperature and pressure gradients. The majority of 311 
oil is, however, at the surface (Keller, Escher, Solms, 1986; Pedreschi, Aguilera,  & Arbildua 312 
1999; Bouchon, & Aguilera  2001; Bouchon, Hollins et al 2001; Bouchon,  Aguilera & Pyle, 313 
2003; Pedreschi, Cocio et al, 2008), with the outer crust observed to contain as much as six 314 
times more oil compared to inner core (Aguilera & Gloria, 1997).  The amount and kinetics of 315 
oil absorption depends upon the frying temperature and pre-treatment processes such as 316 
blanching of the potato slices (Pedreschi, Cocio et al, 2008; Moyano, & Pedreschi 2006). 317 
In order to visualise the location and position of oil in the PCs, two approaches were taken.  318 
The first approach applied Nile red to visualise the oil on both FPC and fried PC, followed by 319 
washing in deionised water to remove unbound stain (Figure S2). The second approach applied 320 
Nile red but the samples were then partially hydrated (50 µL on surface) with Calcofluor white 321 
to visualise the cell walls, as shown in Figure 3 A1/B1.  Additional deionised water was also 322 
added to hydrate the sample more fully (Figure 3 A2/B2)  323 
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Figure 3 near here. 324 
 325 
Figure S2 and Figure 3 A1/B1 show red droplets which are assigned to oil stained by the Nile 326 
red; these are scattered around the periphery of cells but it is unclear whether or not they are 327 
inside the cells.  As Nile red is intensely fluorescent in a lipid-rich environment and has 328 
minimal fluorescence in aqueous media (Greenspan, Mayer, & Fowler, 1985), there is a strong 329 
argument to emphasise that the red particles, as observed in Figure 3 and S2, are oil retained 330 
as droplets in a hydrophilic environment not the fluorescence from  free (un-bound) Nile red.  331 
Furthermore, there is a greater quantity of droplets in fried PC than in baked FPC, which is 332 
consistent with fat content in the samples; i.e. 12% versus 33 % in baked FPC and fried PC 333 
respectively.  Due to the frying operation, oil penetration and retention in the fried PC can be 334 
assumed to be more than that of baked FPC where oil is primarily sprayed on the outer surface, 335 
although a minor amount of oil (<1% of dough)  is used to make the dough before extrusion.   336 
The location of oil in fried PC and baked FPC is revealed through direct staining with Nile red 337 
followed by Calcofluor white staining as presented in Figure 3.    In baked FPC with only 338 
partial hydration, the combination of Nile red and Calcofluor white reveals that the lipid is 339 
present as discrete droplets (Figure 3 A1). Upon additional hydration, larger oil droplets are 340 
observed to be present that indicates some lipid droplets coalesce (Figure 3 A2). In contrast, 341 
following partial hydration of the fried PC, the lipids are not observed as discrete droplets but 342 
rather it appears as a smear of red across the sample (Figure 3 B1); we suggest this indicates 343 
the oil is spread as a thin film on the cell wall components.  After additional hydration of the 344 
fried PC, Figure 3 B2 shows lipids are present as droplets that suggests the lipids de-wet from 345 
cell wall surfaces and coalesce.  We hypothesise that this provide evidence for the oil in baked 346 
FPC to be mainly present as droplets at the surface whereas, in fried PC, oils wet the surface 347 
as a thin film and associated with the cell wall matrix, between the cells or inside the cells.  348 
This observation for fried PC is supported by previous studies; Pedreschi, Cocio et al (2008) 349 
demonstrated the penetration of oil inside and outside potato cells, whilst earlier studies  350 
(Bouchon & Aguilera, 2001; Pedreschi, Aguilera & Arbildua, 1999) suggested oil is located 351 
around the cells but not inside the cells.   352 
The matrix is labelled blue with Calcofluor white stain in Figure 3. The purple fluorescence 353 
arising from the mix of red (Nile red) and blue (Calcofluor white) also suggests the association 354 
of oil with cell wall components.  However, on hydration, water displaces the oil that 355 
Submitted Revised Manuscript  - Dhital, Sushil, Baier, Stefan K., Gidley, Michael J. and Stokes, Jason 
R. (2018). Microstructural properties of potato chips. Food Structure 16 17-26. 
https://doi.org/10.1016/j.foostr.2018.03.001 
 
 
subsequently coalesces to form larger droplets, suggesting a lack of strong association of oil 356 
and potato cells/starch in PC.  In situ labelling of the oil in PC by the addition of lipophilic 357 
stains such as Nile red is always associated with artefacts from fluorescence from free (non-358 
bound) stains. The use of limited amount of Nile red solution (50 µL in 3 × 3 mm PC fragment) 359 
most likely minimised the artefacts arising from free Nile red.  360 
  361 
3.3   Structure of potato cells and tissue after frying  362 
In order to investigate the cellular and tissue structure after frying, potato cells and tissue were 363 
fried in oil with Congo red, a dye that has the ability to bind non-covalently with cellulosic 364 
components. The resulting cells and tissues were observed with a confocal microscope to 365 
investigate the integrity of cellular and tissue structure after frying.  366 
3.3.1 Isolated potato cells from raw tuber: Structural change during heating in water and 367 
oil  368 
Figure 4 shows the effect of heating on the structure of potato cells.  Figure 4A shows the cells 369 
in their native form within the tissue structure (A1) and when isolated using mild acid and 370 
alkali (A2).  Figure 4B/C shows their structure following heating in water (B) and oil (C) 371 
around starch gelatinisation temperature (60⁰C, B1/C1) and above starch gelatinisation 372 
temperature (70⁰C, B2/C2) under polarised light microscopy.   373 
As seen in Figure 4A, the potato starches are birefringent and located within cells. The cells 374 
have an average diameter of ca.150 µm. The number of granules inside cells is variable but 375 
there are more than 8 in almost all cells.  It should be noted that these isolated cells in Figure 4 376 
(A2) are only those that passed through 250 µm sieve and were retained on 150 µm sieve; the 377 
size and number of starch granules inside the cells may vary with cell size and thus differ from 378 
the numbers observed in cells present within tissue structure (Figure 4 A1) and previous reports 379 
(Aguilera et al., 2001). 380 
When heated to sufficiently high temperature in water, starches undergo gelatinisation which 381 
corresponds to a loss of structural order.  This is observed to occur inside the cells upon heating 382 
to 60⁰C in excess water (Figure 4 B1) or oil (Figure 4 C1), as observed by a loss of 383 
birefringence and filling of the space inside the cell with swollen granules. Gelatinisation is a 384 
gradual process that occurs over a range of temperatures so it is not surprising that some 385 
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granules resist gelatinisation at 60⁰C. However, when heated at 70°C, almost all granules are 386 
gelatinised (Figure 4B2). As evident from Figure 4 B1 and C1, the cells essentially retain their 387 
regular shape while heating in water, but wrinkling and development of irregular shapes are 388 
observed in cells heated in oil.  Even when heating in oil, starches are gelatinised due to the in 389 
situ water entrapped inside the cell and starch granule. During heating, the counter-movement 390 
of water and oil along with gelatinisation of entrapped starch also dehydrates the cells, leading 391 
to cell shrinkage. Previously, Aguilera et al (2001) reported such dehydration phenomena only 392 
at a temperature around 100⁰C. This difference in dehydration extent with temperature might 393 
be due to confinement of cells in a cavity during controlled heating in a microscope as carried 394 
out by Aguilera et al (2001).  In contrast, in the current experiment, cells were heated freely in 395 
excess oil/water without confinement. Furthermore, it should be noted that the gradual heating 396 
of the cells from lower to a higher temperature is different from heating instantaneously at a 397 
fixed temperature. With a gradual and slow heating (Aguilera et al., 2001), it is most likely that 398 
the cells or contents inside the cells have greater opportunity to readjust (anneal) towards the 399 
changed environment compared to direct exposure to elevated temperature.    400 
Figure 4 near here 401 
 402 
3.3.2 Isolated potato cells and potato tissue from tuber: Structural changes during frying  403 
Confocal microscopic images of potato cells and tissues showing changes in the structure 404 
before and after frying in oil containing Congo red are shown in Figure 5 (see also 405 
Supplementary Figure S3).  Figure 5A shows an individual potato cell under the reflective 406 
mode of the confocal microscope, where a clear picture of the starch granules inside the potato 407 
cell is seen.  After frying at 175⁰C in oil containing Congo red, starch inside the cells is 408 
gelatinised without any visible contrast under the reflective mode of a confocal microscope 409 
(Figure 5 B).  Frying causes wrinkling of the cell wall matrix and the development of porous 410 
structure (Figure 5 B1, B2).  This porosity may allow the polymers to leach out when hydrated 411 
making them accessible to enzymes such as amylase in saliva. The rheological properties and 412 
enzyme susceptibility of PCs will be reported separately.   413 
 414 
Figure 5 near here 415 
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The behaviour of the bulk of cells and tissue after frying in oil containing Congo red for 2 min 416 
at 175⁰C, before and after hydration, is shown in Supplementary Figure S3 as three-417 
dimensional pictures. On frying (Figure S3 A1), the isolated cells showed an almost regular 418 
structure with various degrees of fragmentation. However once hydrated, the cells swell and 419 
regain their three-dimensional structure (Figure S3 A2) with a distinct appearance of wrinkles 420 
as well as disrupted cellulosic surfaces. In contrast, the fried tissue show less homogenous 421 
structure with a varying level of cell fragmentation (Figure S3 B1) which contrasts with the 422 
finding of Pedreschi & Aguilera (2002) who reported the integrity of cell walls after frying. 423 
Similar to isolated cells, once hydrated, cells in the fried tissue regain their hexagonal shape 424 
(Figure S3 B2).  With the observation at cellular level and tissue level, in contrast with previous 425 
reports (Aguilera et al., 2001; Pedreschi & Aguilera, 2002; Reeve & Neel, 1960), we have 426 
explicitly demonstrated that potato cells shrink, wrinkle and become porous during the frying 427 
process (Figures 5, S3) but they regain their size and shape after hydration (Figures 2, 3, 5, S3) 428 
and hold the hydrated starch polymers inside the cells (Figure 2). 429 
3.4   Structure and location of oil in potato cells and tissue after frying  430 
Different strategies are used to elucidate the mechanism of oil adsorption and retention in fried 431 
PCs using potato tissues along with isolated cells and extracted cell wall components. In Figure 432 
6, we present images of potato cells (Figure 6 A1) and tissues (Figure 6 B1) fried in Nile red. 433 
The fried cells (Figure 6 A2) and tissues (Figure 6 B2) are hydrated with Calcofluor white and 434 
observed for oil (red) and cell walls (blue). 435 
 436 
As seen in Figure 6 A1, the red colour representing the Nile red-stained oil surround the cell 437 
surfaces.  However, the distribution of oil is less uniform in fried tissue (Figure 6 B1). After 438 
addition of Calcofluor white solution (Figure 6 A2), the cells swell and regain their uniform 439 
structure whereas the lipids tend to separate from the cell wall and coalesce into droplets. 440 
However, in fried tissue (Figure 6 B2), lipids appear to be have penetrated inside the cells or 441 
co-labelled with cell walls; as the confocal microscope takes a 2-D slice of the sample, the cell 442 
walls and oil are in the same focal plane and thus it is evident that the oil is sitting inside rather 443 
than around the cell.    This shows that in non-hydrated conditions (e.g. in PCs) lipids are 444 
loosely associated with peripheral regions of the cell wall components. However, once 445 
hydrated, the lipid phase separates and coalesces into droplets. The intact cell structures do not 446 
appear to provide any hindrance towards the movement of lipid droplets into the cells (Figure 447 
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6 B2). This suggests that the cells are damaged to varying degrees during frying to allow the 448 
passage of lipids into the hydrophilic environment. These findings contradict with   previous 449 
studies (Aguilera et al., 2001; Pedro Bouchon & Aguilera, 2001; Pedreschi, Cocio et al; 2008) 450 
that suggest lipids are located around the cells but not inside..   451 
 452 
Figure 6 near here. 453 
 454 
In order to investigate whether cellular structure (e.g. isolated cells or tissues) is essential for 455 
binding or entrapping the oil in PCs, we isolate cell walls from potato tuber and fried these 456 
isolated cell walls (devoid of starch as confirmed by iodine staining and NMR) in oil containing 457 
Nile red as a fluorochrome.  Isolated cell wall components under confocal reflective mode are 458 
presented in Figure 7A.  Cell wall components fried in Nile red oil are found to be stained with 459 
fluorochrome (Figure 7B1).  However, it is still difficult to determine from Figure 7B whether 460 
oil is entrapped inside the hollow cell wall envelope or on the surface of the cell wall. Figure 461 
7C represents the same focal plane as Figure 7B after addition of Calcofluor white, a polar 462 
stain.  It is clearly seen that oil droplets are formed in the presence of the aqueous media. The 463 
purple colour in Figure 7C represents simultaneous staining of the Nile red (oil) and 464 
Calcofluor-white (cell wall components).  This demonstrates that oil tends  to  be attracted to 465 
the cell wall during frying, most likely through surface wetting. The oil dewets the cell wall 466 
surfaces and coalesces in the hydrophilic environment as also observed in Figure 6 A2, B2.  467 
 468 
Figure 7 near here 469 
 470 
 471 
4 Conclusions 472 
Using various microscopy and staining techniques, we have demonstrated that baked FPC and 473 
fried PC are similar structurally, with both being predominantly a packed array of potato cells, 474 
but are fundamentally different in terms of their assembly. In the baked FPC, the cooked cells 475 
are “glued” together in the presence of additives such as additional starch and compression of 476 
dough during the extrusion process. In contrast, the cells in fried PCs are naturally interlinked 477 
together within the plant tissue structure via the middle lamellar phase between cells. During 478 
hydration of the PCs, the potato cells in baked FPC separate and disperse while the tissue 479 
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structure of fried PC essentially remains intact. In addition, we find that the oil in the baked 480 
FPC is present as fine droplets at the cell wall surfaces which, upon hydration, coalesce. For 481 
fried PC, oil is present as a thin film coating on the cell wall surfaces  that includes  within the 482 
junctions between cells. By frying isolated cells and tissues, we provide evidence that the cell 483 
wall structure is damaged to potentially allow the movement of oil inside potato cells although 484 
the tissue structure is kept relatively intact.  Upon hydration, the shrunken and wrinkled potato 485 
cell regains its shape to some extent and the oil coalesces into droplets. We anticipate that both 486 
the observed  differences in cell-cell interactions and oil morphology lead to fundamentally 487 
different behaviour and texture perception of the FPC and fried PC during oral processing as 488 
they undergo comminution and hydration.  The study demonstrates the potential of light and 489 
confocal microscopic techniques to elucidate the microstructure of complex food materials like 490 
PCs that can be used by industry to develop new processing and formulation strategies that 491 
achieve consumer acceptable product characteristics whilst improving their nutritional profile.    492 
 493 
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Figure Captions  573 
Figure 1: Microscopic image of baked FPC (A, top) and fried PC (B, bottom) using polarising 574 
light (A1, B1) and electron (A2, B2) microscopes.  The scale bars are 200 µm and 500 µm for 575 
polarised and SEM images respectively. Red arrows in B1 indicate example middle lamellae. 576 
Figure 2: Confocal images showing the state of starch and cell walls in hydrated baked (A) 577 
and fried (B) PCs.  FITC labelled chips (A1/B1) indicates the gelatinised starch (green) inside 578 
the cells.  Calcofluor white labelled cells (A2/B2) indicates the cell walls (blue). It is noted that 579 
A1 and A2, as well as B1 and B2, are a different set of samples. Arrows in B2 indicate intact 580 
middle lamellae. 581 
Figure 3.  Oil distribution after partial (limited) and full hydration of baked FPC (A1, A2) and 582 
fried PC (B1, B2).  PC double stained with Nile red (red) and Calcofluor to show oil (red) and 583 
cell walls (blue).  See supplementary figure S2 for PC stained with just Nile red followed by 584 
extensive washing in deionised water to remove the unbound stain.     585 
Figure 4.  Heating behaviour of potato cells in water and oil observed under polarised light 586 
microscopy Thin section of potato tissue (A1); Isolated potato cells (A2); Potato cells heated 587 
in water at 60⁰C for 5 minutes (B1); Potato cells heated in water at 70⁰C for 5 minutes (B2); 588 
Potato cells heated in oil at 60⁰C for 5 minutes (C1); Potato cells heated in oil at 70⁰C for 5 589 
minutes (C2). The scale bars are all 100 µm  590 
Figure 5.  Isolated cells before and after frying. Isolated single cell under confocal microscope 591 
reflective mode (A); Single cell fried in oil containing Congo red for 2 min at 175⁰C-confocal 592 
mode (B1) and reflective mode (B2). Note that the A and B1/2 are different cells  593 
Figure 6. Potato cells (A1, A2) and tissues (B1, B2) fried in oil containing Nile red for 2 min 594 
at 175⁰C. A1: Fried cells;  A2: Fried tissue after staining with Calcofluor white.  B1: Fried 595 
tissue; B2: Fried tissue after staining with Calcofluor white.  596 
Figure 7. Potato cell wall components fried in oil containing Nile red for 2 min at 175⁰C. 597 
Confocal reflective mode picture of isolated potato cell walls before frying (A); Fried cell wall 598 
stained with Nile red (B); Observation after staining of B with Calcofluor white (C). The red 599 
fluorescence represents the oil stained with Nile red, whereas blue fluorescence represents the 600 
cellulosic materials stained with Calcofluor white. The pink fluorescence is due to overlap of 601 
blue and red fluorescent representing the oil adhered to cell wall components 602 
 603 
 604 
 605 
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